Abstract. We present experimental data on Nb-Au/La 0.7 Sr 0.3 MnO 3 /SrRuO 3 /YBa 2 Cu 3 O 7-δ mesastructure with in plane linear size 10÷50 µm. The mesa-structures were patterned from the epitaxial heterostructures fabricated by pulsed laser ablation and magnetron sputtering. Superconducting critical current was observed for mesa-structures with the interlayer thicknesses up to 50 nm. In the mesa-structures with just one, either La 0.7 Sr 0.3 MnO 3 or SrRuO 3 interlayer with a thickness larger than 10 nm no superconducting current was observed. The registered superconducting current for the mesa-structures with a thinner interlayer is attributed to pinholes. Obtained results are discussed in terms of superconducting long-range triplet generation at interfaces of superconductor and a composite ferromagnet consisting of ferromagnetic materials with non-collinear magnetization.
Introduction
Two theoretical groups had shown that in a ferromagnet with the spatial inhomogeneity of the ferromagnetic magnetization the triplet superconducting correlations (TSC) may arise in a vicinity of the interface of singlet superconductors [1, 2] . A distinctive feature of the TSC is the insensitivity to the exchange magnetic interaction and the penetration into the ferromagnet over long distances that are typical for a normal (non-magnetic) metal. The occurrence of TSC was proved experimentally by the presence of the superconducting current in the structures of two singlet superconductors connected by a ferromagnetic layer with a helical magnetization [3, 4] . TSC in superconducting structures with a composite ferromagnetic interlayer (S /F L /F R / S) was predicted for ballistic transport [5] , as well as in the case of diffuse scattering [6] [7] [8] . Recently, abnormally large value of the critical current was found in the mesa-structures YBa 2 Cu 3 O 7-δ /SrRuO 3 /La 0.7 Sr 0.3 MnO 3 /Au-Nb. It was attributed to the excitation of the TSC in the superconducting current in the ferromagnetic interlayer [9, 10] .
In the oxide interfaces, for example, at the cuprate superconductor and manganite ferromagnet, the interface transparency is determined by the work function and may be sufficiently low [11] . The often utilized ferromagnetic lanthanum manganite doped with strontium La 0.7 Sr 0.3 MnO 3 (LSMO) has 4 To whom any correspondence should be addressed (LSMO) . YBCO layer with a typical thickness of 80÷120 nm is deposited at a substrate temperature of 790° C and oxygen pressure of 0.6 mbar, SRO and LSMO layers were deposited at a substrate temperature of 760° C and oxygen pressure of 0.3 mbar. Further cooling down to 100°C was performed in an oxygen atmosphere with a cooling rate 5-10°C/minute. Then, 20 nm Au film was deposited in-situ at a temperature of 100°C and a pressure of 10 -5 mbar to prevent the oxidation of the samples in air atmosphere. Next, the Nb layer with 20 nm thickness was deposited by magnetron sputtering ex-situ [9, 10] . The mesa-structures having the linear dimensions in the plane of L = 10, 20, 30, 40, 50 µm were manufactured using photolithography techniques, ion beam etching, and lift-off photolithography. The SiO 2 film with thickness of 40 nm was used for isolation of the sides of the mesa-structure (not shown in Figure 1 ). The properties of surface of the films were tested by atomic force microscope. The rather sharp boundaries between layers at SRO/LSMO interface were observed by transmission electron microscope ( Figure 1 ). As shown in Figure 1 the SRO/LSMO interface is homogeneous well enough at this scale. More detailed studies of the SRO/LSMO interface by transmission electron microscopy with a correction of aberration showed the presence of mixing of Mn atoms and Ru on a scale of one atomic cell (0.3 nm), as well as of Sr and La on a scale of two atomic cells [12] . Electron energy loss spectroscopy (EELS) showed that an inhomogeneity of oxygen vacancies in the range of 1-2 nm is observed [12, 13] .
The cuprate superconductor YBCO film was used as a base electrode providing the epitaxial growth of ferromagnetic oxide layers: LSMO with a coercive force of 2-3 mT and the exchange [14] , and the SRO with the coercive force the order of 1 T and the exchange energy of 13 meV [15] .
Results and discussion
We investigated more than 25 chips with 5 mesa-structures each one with different linear sizes (L). The layout of the chips remained unchanged but the thicknesses of the ferromagnetic layers were varied. Table 1 summarizes the electrical parameters for some mesa-structures that are discussed in more details. are normal resistance and the square of mesa-structure, correspondingly. 
Mesa-structure resistance
The temperature dependence of the mesa-structure resistance R(T) is presented in Figure 2 . Above the critical temperature of YBCO (T C YBCO ) R(T) has a linear metallic behavior that is inherent for the temperature dependence of YBCO electrode. At T ≈T C YBCO the resistance of mesa-structure R is sharply reduced in magnitude. No features that are typical for the temperature dependence of the ferromagnetic films of interlayer [16] were observed. Therefore, below the critical temperature T C YBCO the contribution of YBCO, LSMO and SRO films resistance can be neglected. The resistance of bilayer film Au-Nb is also small [17] . As a result, at temperatures T C Nb/Au <T< T C YBCO the resistance of the mesa-structure consists of the resistance of the following interfaces: YBCO/SRO, SRO/LSMO, LSMO/Au:
The characteristic resistance of the mesa-structure R N A changes from chip to chip from 0.1 to 1 µΩ cm 2 . Most likely this is due to the influence of the LSMO/Au interface, which was subjected to ion cleaning and deposition of Nb ex-situ. However, R N A less varied over a chip when the size of mesastructure is changed. To determine the characteristic resistance of barriers the mesa-structures with single ferromagnetic layer were fabricated [16] . R N A for the mesa-structures with only a SRO layer is almost three orders of magnitude smaller than for the mesa-structure with a LSMO layer. Assuming that the LSMO/Au interface resistance is not greater than 1 µΩcm 2 [11, 18] then the resistance of a mesa -structure of YBCO/LSMO/Au can be explained by the resistance YBCO/LSMO interface (100 µΩ cm 2 ). Using the data [18] we find that the SRO/Au interface resistance is about 0.05 µΩ cm 2 , and the resistance of YBCO/SRO is less than 0.1 µΩ cm 2 [11] . The increase of the resistance of the mesastructures with a composite LSMO/SRO layer compared with resistance of the mesa-structures with the single SRO layer is explained by the contribution from the SRO/LSMO and LSMO/Au interfaces [18] . The data for LSMO/Au interface resistance [11, 18] were obtained for the deposition of a gold layer after cooling of LSMO film (ex-situ), so the resistance of the LSMO/Au interface may be substantially higher than that the Au film deposited in-situ. Therefore the main contribution to the resistance of the mesa-structure with a composite interlayer most likely is the result of the YBCO/SRO (0.1µΩcm 2 ) and LSMO/Au (0.2µΩ cm 2 ) interfaces. As a result, from R N A data of mesa-structures we can estimate the average (in the direction of the quasiparticle momentum) transparency of LSMO/Au interface [17] : 
Critical current
The superconducting critical current was observed at the most mesa-structures with total thickness of the composite layer less than 50 nm. The superconducting current is absent for the mesa-structures with a ferromagnetic (LSMO or SRO) interlayer with the thickness larger than 5 nm. The superconducting current for some samples with thinner interlayer is caused by the current flow through the pinholes. Existence of the superconducting current for mesa-structures with large thicknesses(>10 nm) of the composite ferromagnetic interlayer [8] is an indication of spin-triplet superconducting correlations presence in it. Contours of critical current densities for experimental thickness variation of magnetic SRO and LSMO layers are shown in Figure 3 . The data in figure demonstrate a maximum of critical current density at layer thicknesses d LSMO =6 nm and d SRO =8 nm. Theoretically, the maximum critical current of mesa-structures with composite interlayer is predicted for thicknesses of ferromagnets of order of the coherence length [7, 19] . We estimate the coherence length for ferromagnetic films. Since the mean free path in the oxide materials (SRO and LSMO) is small enough [14, 15] , we can assume that the electron transport is diffusive. For the diffusive case the coherence length for the normal material approximated nature of the coherence length estimation such correspondence to the theoretical prediction should be considered satisfactorily.
Conclusion
It is experimentally shown that the thickness dependence of the critical current for a mesa-structure with composite magnetic interlayer varied nonmonotonically with the thickness of both the manganite and ruthenate interlayers. The critical current was observed for total thickness of interlayer up to 50 nm. The maximum value of the critical current density is observed when the thickness of the interlayer is close to the coherence length. The dominance of spin-triplet superconducting correlations in the superconducting current is assumed despite the low transparency of the superconductor-ferromagnetic interface.
